Reverse transcription is one step of the retroviral development which can be inhibited by antisense oligonucleotides complementary to the RNA template. 2'-O-Alkyl oligoribonucleotides are of interest due to their nuclease resistance, and to the high stability of the hybrids they form with RNA. Oligonucleotides, either fully or partly modified with 2'-O-alkyl residues, were targeted to an RNA template to prevent cDNA synthesis by the Avian Myeloblastosis Virus reverse transcriptase (AMV RT). Fully-modified 2'-O-allyl 17mers were able to specifically block reverse transcription via an RNase H-independent mechanism, with efficiencies comparable to those observed with phosphodiester (PO) and phosphorothioate oligonucleotides. Sandwich 2'-O-alkyUIPO/2'-0-alkyl oligonucleotides, supposed to combine the properties of 2'-O-alkyl modifications (physical blocking of the RT) to those of the PO window (RNase H-mediated cleavage of the RNA) were quasi-stoichiometric inhibitors when adjacent to the primer, but remained without any effect when non-adjacent. They were not able to compete with the polymerase and inhibited reverse transcription only through RNase H-mediated cleavage of the target.
INTRODUCTION
Oligonucleotides are now widely used either in cultured cells or in intact organisms, to artificially repress the expression of a gene by targeting its messenger or pre-messenger RNA through the so-called antisense strategy (1) . One of the limitations to the use of conventional oligonucleotides in such systems is their susceptibility to nucleases. This has prompted chemists to introduce modifications in the structure of these molecules to make them DNase resistant [see (2) for a review]. Among these, phosphorothioate oligonucleotides have received the greatest attention, as they are partially resistant to nucleases and can elicit the degradation of their RNA target by RNase H, a cellular enzyme which specifically digests the RNA moiety of RNA/ DNA hybrids (3) . In microinjected Xenopus oocytes, the RNase H-mediated cleavage of rabbit P-globin mRNA was demonstrated with a complementary phosphorothioate 17mer, leading to a catalytic action of this oligonucleotide (4) . This mechanism is likely involved in the inhibition of mRNA translation in cultured cells by phosphorothioate oligonucleotides, although not demonstrated.
In addition, phosphorothioate oligomers efficiently block the in vitro multiplication of HIV (5, 6 ). The step of viral development they are interfering with is not fully elucidated. Indeed, they can potentially inhibit reverse transcription, splicing or translation of viral mRNAs, or other steps by non-antisense mechanisms such as inhibition of the cell penetration by the virus (7) or direct interaction with the reverse transcriptase (RT) (8) . We recently demonstrated that phosphorothioate oligonucleotides can inhibit in vitro reverse transcription via an antisense mechanism, which involved the cleavage of the RNA template by the RT RNase H activity (9) .
Another class of promising chemically-modified oligomers are the 2'-O-alkyl oligoribonucleotides (2'-O-alkyl for short) (10) .
These nuclease-resistant oligonucleotides are receiving an increasing attention in the frame of the antisense approach, because certain alkyl derivatives exhibit a higher affinity for the RNA target, than the unmodified RNA or DNA oligonucleotides (10, 11) . However, RNA/2'-O-alkyl duplexes do not form substrates for RNase H. This has been a great advantage for probing RNAs in cell extracts (12) , but could be a disadvantage for the antisense strategy, as the RNase H-mediated cleavage ofthe target (messenger, pre-messenger or viral) RNA seems to play an important role (4, 9, (13) (14) (15) . Physical blocking (i.e. RNase H-independent inhibition) of reverse transcription was observed, either with alpha oligonucleotides (15) , or with peptide nucleic acids (PNAs) (16) . We therefore decided to check whether RNA/2'-O-alkyl hybrids could interfere with the cDNA synthesis performed by AMV RT.
In the present paper, we demonstrate that 2'-O-alkyl oligonucleo- 
MATERIALS AND METHODS

Oligonucleotides and oligoribonucleotides
Unmodified oligodeoxynucleotides (see Table 1 for sequences) were synthesized on a Millipore 7500 automated synthesizer by using the conventional phosphoramidite method. They were usually purified in one step by HPLC on a reverse phase column eluted by an acetonitrile gradient (0-48%) in a 100 mM ammonium acetate (pH 7.0) buffer. The alpha oligonucleotide, synthesized as described previously (15) , was a gift of Dr N. T. Thuong. The 2'-O-allyl oligonucleotides (Table 1) were synthesized on a solid phase from base-protected 5'-O-dimethoxytrityl-2'-O-allylribonucleoside 3'-O-(2-cyanoethyl N,Ndiisopropylphosphoramidite)s by using 5-(4-nitrophenyl) -lH-tetrazole as activator as previously described (10) . The 3'-terminal nucleoside of the oligonucleotides bore a 2'-hydroxyl and a 3'-O-allyl group, to prevent the action of 3'-exonucleases. 2'-O-AlkylIPO/2'-O-alkyl sandwich oligonucleotides (Table 1) were synthesized from the 3'-end to the 5'-end on an Applied Biosystems synthesizer model 380B using protected 2'-O-alkylribonucleoside-3'-O-phosphoramidite monomers [(12) and references contained therein] as well as standard DNA phosphoramidite monomers. All sandwich oligomers were made using an aminopropyl controlled pore glass support functionalised with 5'-O-dimethoxytrityl-3'-O-allyluridine-2'-O-succinate. Couplings were performed in the presence of tetrazole and an extended coupling time of 15 min was used. After cleavage of base labile protecting groups the crude sandwich oligonucleotides were purified 'trityl-on' by reversed phase HPLC. The trityl group was removed in the usual way and the oligomers were purified once more by reversed phase HPLC.
When needed, unmodified and 2'-O-alkyl oligomers were 5' end-labeled with [y-32P]ATP and T4 polynucleotide kinase (Boehringer Mannheim). The purity of the oligomers was systematically evaluated by running [32P]-labeled samples on a 20% polyacrylamide/7 M urea gel.
21mer RNAs (Table 1) used for melting curve analysis and band-shift assays were enzymatically synthesized as described by Milligan et al. (17) with T7 RNA polymerase, which was prepared from an over-producing strain (BL21/pAR1219) according to a previously published procedure (18) .
Reverse transcription
Two different procedures were used depending on whether a [32p] 5' end-labeled or a cold primer was used. In the latter case, the polymerization was performed in the presence of [a-32P] dCTP (11 lTBq/mmole, Du Pont de Nemours). The standard reaction for cDNA synthesis was performed as follows: a solution containing 100 ng globin mRNAs (corresponding to 0.25 and 0.35 pmole of P-and a-globin mRNAs, respectively, purchased from Gibco-BRL), the desired amount of antisense oligonucleotide and either 5-10 pmoles of a non-labeled primer or 0.5-1 pmole radiolabeled primer (which was in both cases an unmodified phosphodiester oligonucleotide), was pre-incubated for 30 min at 39°C, in a final volume of 7.5 gl. After adding 2.5 gl of a solution containing (i) 1 dithiothreitol), ii) 1 nmole of each of the four dXTPs and, in the case of non-radiolabeled primer, 2 pmoles of [32p] a-dCTP and iii) 1 U AMV RT (0.15 pmole, from Appligene), the reaction was performed for 1 h at 39°C. The reverse transcripts were extracted with chloroform, precipitated with ethanol and loaded on a 10 or 20% polyacrylamide/7 M urea gel (depending on the expected length of the cDNA). The yield of cDNA synthesis was determined by counting gel slices in a ,8-scintillation counter.
In one experiment (see Fig. 2 ), a ladder ofcDNA fragments was generated as size markers. Conditions of low processivity of MMLV H-RT (from Gibco-BRL) were determined: 100 ng globin mRNAs (0.25 pmole f8-globin mRNA), and 0.1 pmole radiolabeled primer 15PO(134) were pre-incubated for 30 min at 39°C. The ladder (L) was obtained by adding 0.5 nmole of each of the four dXTPs, 5 U of MMLV H-RT, the reverse transcription buffer (see above), and incubating 1 h at 39°C in a final volume of 10 p1; the expected aborted products were purified and analysed as described above. The sites of arrested cDNA synthesis were determined using 15PO(P34) as a primer which led to a better separation of the cDNA fragments. In the presence of 17Allyl(p3), reverse transcriptase stopped at multiple positions. At least six different products could be seen, corresponding-to an arrest at each of the six first base pairs of the RNA/17Allyl(P3) hybrid (Fig. 2) . In comparison, the homologous unmodified oligomer 17PO(p3) produced only two major arrest sites, after the first and third base pairs (from the 5' end of the oligonucleotide) of the RNA/17PO(p3) hybrid (Fig. 2) (Fig. 3) . In addition, shorter fragments were detected, whose lengths (60-70 nt) indicated an hybrid-arrest of polymerization.
RNA template analysis
Therefore, this sequence was effective but was a slightly less efficient inhibitor than 17Allyl(,B3).
Previous experiments had demonstrated that an alpha oligonucleotide targeted to the same site (nt 113-129) was able to block reverse transcription only when cDNA synthesis was primed by an oligomer immediately adjacent to the antisense one (15 (15) , whereas on the other hand, the 2'-O-allyl stretches might physically block the enzyme. In addition, the 2'-O-allyl blocks will protect the oligonucleotide against exonucleases (10) , which might be of interest for use with cultured cells.
A sandwich 2'-O-allyl/PO/2'-O-allyl l5mer [l5sAllyl(a37)], targeted to nt 37-51 of the rabbit a-globin mRNA (Table 1) Antisense concentration (nM) Figure 6 . Efficiency of reverse transcription inhibition by l5sAllyl(a37), l5sButyl(a37) and l5sMethyl(a37), when adjacent to the primer. Full-length cDNA synthesis in the presence of different concentrations (nM) of l5sAllyl(a37) (-), l5sButyl(a37) (A) or l5sMethyl(a37) (0), relative to the one in the absence of antisense oligonucleotide, when the reverse transcription was primed with the adjacent primer 15PO(ax52) (1 ,uM) , and performed by I U AMV RT.
RNase H-mediated cleavage of the template in the presence of the 2'-O-allylIPO/2'-O-allyl sandwich oligonucleotide 2'-O-substituent increased; the Cl/2 were 10, 15 and 25 nM for l5sMethyl(o37), l5sAllyl(a37) and l5sButyl(a37), respectively (Fig. 6 ). The inhibition efficiency was directly correlated with the relative affinity of 2'-O-alkyl oligonucleotides for their RNA target: melting temperatures were 72, 70 and 66°C for duplexes formed with methyl, allyl and butyl derivatives, respectively. In contrast, these sandwiches were not able to block reverse transcription from a non adjacent primer: no inhibition of cDNA synthesis primed with a iSmer complementary to nt 70-84, i.e. twenty nucleotides upstream, was seen even in the presence of 500 nM antisense oligonucleotides (not shown).
Effects of sandwich oligomers could be due to RNase H-mediated cleavage of the RNA target. In order to check this, the RNA was analysed by Northern blot after incubation with the RT in the presence of the sandwich l5sAllyl(a37) and/or of adjacent or non-adjacent primers. The probe [20PO(c7)] was not able to hybridize to the intact a-globin mRNA, and could only detect break-down fragments. We assumed that a secondary structure resulting from long range interactions with the 5' end of the mRNA, which prevented association with the probe, was removed by cleavage; the short distance between the 5' end and the binding site of l5sAllyl(a37) (36 nt) prevented us from using another probe.
Incubation of the RNA with either the adjacent or the non-adjacent primer in the absence of dXTPs, gave rise to cleavage in the region ofprimer binding, but l5sAllyl(a37) alone could not promote the action of RNase H (Fig. 7) . The simultaneous addition of l5sAllyl(a37) and of the non-adjacent primer led to cleavage only at the level of the primer. In contrast, two sites of cleavage were detected in the presence of both l5sAllyl(a37) and the adjacent primer (Fig. 7) . The results were essentially similar when reverse transcription took place (i.e. in the presence of dXTPs), although the pattern was different in the absence of l5sAllyl (a37) 
